ABSTRACT European corn borer females Ostrinia nubilalis Hü bner (Lepidoptera, Pyralidae) exhibited upwind ßight to three main host plants, corn Zea mays, hemp Cannabis sativa and hop Humulus lupulus, in a laboratory wind tunnel. Within a 15-min experimental period, 22.9% to 24.3% mated females ßew toward and landed on a single potted corn plant. A potted hemp plant attracted 25.7% females. In a choice test, signiÞcantly more females landed on a hemp plant than on an adjacent corn plant. In contrast, paprika Capsicum annuum did not elicit attraction. Headspace collections from corn, hemp, and hop contained 18 compounds which consistently elicited a response from female antennae. Four of these, (Z)-3-hexenyl acetate, ␤-caryophyllene, (E)-␤-farnesene, and (E,E)-␣-farnesene co-occurred in three host plants studied. A 4-component blend of these compounds did not attract female moths in the wind tunnel. Availability of a wind tunnel bioassay is, however, a step toward the identiÞcation of plant volatiles guiding long-range attraction of gravid corn borer females.
The multiple functions of plant volatile compounds as constitutive and inducible defense agents against pathogens and herbivores and as attractant signals for ovipositing insect herbivores is a current focus in chemical ecology. Particular attention has been paid to volatiles from corn Zea mays and their release in response to herbivory (Bernasconi et al. 1998 , Degen et al. 2004 , Kö llner et al. 2004 and to volatiles from neighboring plants (Ruther and Kleier 2005, Yan and Wang 2006) . Although it is conceivable that corn volatiles attract also corn herbivores for egg-laying, little is known about what compounds or blends encode the attractant stimulus (Hammack 2001) .
Recent work in Rhagoletis ßies conÞrms a key role of host volatiles in host plant recognition and discrimination, and consequently, a role in host race formation and sympatric divergence in insect herbivores (Berlocher and Feder 2002 , Linn et al. 2004 , 2005a . A particularly promising insect for studying host shifts and their importance in reproductive isolation is the European corn borer Ostrinia nubilalis Hü bner (Lepidoptera: Pyralidae). The pheromone polymorphism of European corn borer has been thoroughly studied, including the genetic basis of pheromone production and response, and changes in the female biosynthetic pathway (Peñ a et al. 1988 , Lö fstedt 1993 , Roelofs et al. 2002 .
European corn borer O. nubilalis is quite polyphagous. Mugwort Artemisia vulgaris, hemp Cannabis sativa, and hop Humulus lupulus are among the native hosts, but the host record includes also apple, cotton, sorghum, and many vegetables (Straub et al. 1986, Eckenrode and Webb 1989) . European corn borer is native to Eurasia and corn Zea mays is accordingly not an ancient host. In Europe, the E-race, using the Eisomer of 11-tetradecenyl acetate as the main pheromone compound, is found on the ancestral hosts mugwort and hop, whereas the Z-race feeds on corn (Langenbruch et al. 1985 , Pelozuelo et al. 2004 . Corn borer populations feeding on the different host plants corn, hop, and mugwort were also shown to be genetically differentiated (Martel et al. 2003 , Thomas et al. 2003 .
The association of these pheromone races with different hosts suggests that host plant discrimination contributes to assortative mating and host Þnding in European corn borer. Male corn borers might well use a blend of host volatiles and sex pheromones for mate Þnding, as shown for other moths (Harrewijn et al. 1994, Landolt and Phillips 1997) . Females, however, are expected to use host volatiles for host Þnding before or after mating. The challenge is to determine the odor blend released by corn and other host plants of European corn borer and to identify those compounds that elicit attraction of females for oviposition. We here report a Þrst study on volatiles of three hosts of European corn borer by chemical analysis and an-tennal recordings and female attraction to these plants in the wind tunnel.
Materials and Methods
Plants. Plants for volatile collections and wind tunnel bioassays were grown in pots in a greenhouse. Corn Z. mays (cultivar Lord Nelson, growth stage V5), hemp C. sativa (cultivar Futura), and paprika Capsicum annuum (cultivar Tasty Yellow) were 30 Ð 40 cm long. Hop H. lupulus (cultivar Hallertauer Magnum) was grown in soil in a greenhouse. They were Ϸ3 m long, when the top 50 cm of a plant was cut. Corn plants had not reached the silking stage; hemp, paprika, and hop were not ßowering when used for bioassays.
Insects. Diapausing O. nubilalis larvae (Z-race) were collected from corn near Darmstadt, Germany. They were reared in the laboratory on a semisynthetic agar-based diet (Mani et al. 1978) , under a 16:8 L:D photoperiod. Newly emerged adults were sexed daily and fed with sucrose solution. Males and females were kept in separate 30 by 30 by 30-cm Plexiglas containers.
Volatile Collections. Plants cut at the stem (Ϸ30 cm high), with the stem in a vial of water, were placed into a 2-liter glass jar closed with a grounded glass Þtting. Charcoal-Þltered air was drawn at a rate of 150 ml/min over the plants and over a 35-mg Super Q air Þlter (80/100 mesh; Alltech, DeerÞeld, IL) during 24 h (Bengtsson et al. 2001) .
The Þlters were immediately extracted with 0.3 ml of hexane (redistilled; LabScan, Malmö , Sweden), heptyl acetate was added as an internal standard. Sample volumes were reduced to 50 l at ambient temperature in Francke vials with an elongated tip (5 cm by 2 mm ID). Samples were stored in sealed glass capillary tubes at Ϫ19ЊC. Before use, traps were rinsed sequentially with 3 ml of methanol, ether, and redistilled hexane. Collections were replicated at least three times for each plant.
The recovery rate of several plant volatiles in our volatile collection system ranged from 83% for (E,E)-␣-farnesene to 35% for methyl salicylate (Tasin et al. 2006b ). Injection of 2 l of the reduced headspace collection on the gas chromatograph (GC) corresponded accordingly to the release of these two compounds from the plant during 0.8 and 0.34 h, respectively.
Chemical Analysis. The compounds found in headspace collections were analyzed by coupled gas chromatographyÐmass spectroscopy (GC-MS) on a HewlettÐPackard (HP) 5890 gas chromatograph coupled to a HP 5970 mass selective detector. The GC, operated in splitless injection mode, was equipped with a DB wax capillary column (30 m by 250 m; J&W ScientiÞc, Folsom, CA). Helium was used as a carrier gas. Temperature was programmed from 50 (hold 5 min) to 230ЊC, at a rate of 8ЊC/min. Compounds were identiÞed according to mass spectra and retention times, in comparison with standards, unless indicated otherwise.
Electroantennography. Coupled gas chromatographyÐ electroantennography (GC-EAD) was used to screen plant volatile collections for compounds evoking a response from O. nubilalis female antennae. Samples were run on a HP 6890 gas chromatograph equipped with a HP Innowax capillary column (30 by 250 m), using hydrogen as a carrier gas. Injections were made in the splitless mode. The initial temperature was 80ЊC for 2 min and increased at 10ЊC/min to 220ЊC. The column outlet was split in a 1:1 ratio between the ßame ionization detector (FID) and a 8-cm glass tube (8 mm ID) with a humidiÞed and charcoalÞltered air stream of 0.5 liters/min. An antenna, cut at the base segment, was suspended between two wells containing Beadle-Ephrussi ringer solution and placed Ϸ0.5 cm from the opening of the outlet glass tube. One of the electrodes was grounded while the other was connected to a preampliÞer (JoAC, Lund, Sweden) and to a high impedance DC ampliÞer (Auto Spike, IDAC 2/3; Syntech, Hilversum, The Netherlands). The FID and EAD signals were both simultaneously monitored and analyzed by GC-EAD software (Electro Antenno-Detection; Syntech). Recordings were used for analysis if the antennae responded to a test stimulus of 1 l of the sample on Þlter paper before and after the GC run. Recordings from antennae of different females were averaged.
Flight Tunnel. The ßight tunnel (63 by 90 by 200 cm; Witzgall et al. 2001 ) was run at 0.25 m/s windspeed, at 5 or 10 lux, 23 Ϯ 2ЊC, and 40 Ð 60% RH. Incoming air passed through a rack (63 by 90 by 45 cm) holding 24 cylinders of 4 kg activated charcoal, each (CamÞl, Trosa, Sweden). Contaminated air from the wind tunnel passed through two layers of the same charcoal cylinders. Batches of 10 mated or unmated, 3-to 5-d-old females were tested during 15 min, between 3 and 6 h after onset of scotophase. Each female was held in a glass tube (12.5 by 2.5 cm), at the downwind end of the tunnel, 30 cm from the ßoor, and Ϸ180 cm from the source. Tests with females of different ages and mating status, and with at least two different plants, hemp, hop, and paprika, were done in a randomized order during the same test session. The behavioral steps recorded were activation from rest, taking ßight, upwind orientation ßight, and landing. Upwind orientation ßight of moths to odor sources is readily distinguished from random ßight: ßight speed is reduced, moths progress upwind toward the source, and moths remain in a position downwind from the source in the center of the ßight tunnel, without touching walls, ceiling, or ßoor. The number of females per test batch of 10 females landing at the source was transformed to log(x ϩ 1) and submitted to a two-way analysis of variance (ANOVA) or a paired t-test. SigniÞcance level was set to 0.05.
Plant odor came from potted plants (corn, hemp, paprika) and a cut plant in a glass vial with water (hop). Plants were placed at the upwind end of the tunnel, the upper leaves were a few centimeters from the wind tunnel roof. The position of plants in choice tests was switched after each test batch of 10 females.
Chemicals. Synthetic chemicals were formulated on red rubber septa (Phero.Net AB, Lund, Sweden), singly and in three blends of three, four, and six compounds. These contained (1) four compounds cooccurring in corn, hemp, and hop headspace, (Z)-3-hexenyl acetate (1 mg), ␤-caryophyllene (0.5 mg), (E)-␤-farnesene (0.5 mg), and (E,E)-␣-farnesene (0.5 mg); (2) the most abundant corn compounds eliciting an antennal response, 4,8,12-trimethyl-1,3(E),7(E),11-tridecatetraene (homofarnesene; 1 mg), methyl salicylate (0.5 mg), and (E)-␤-farnesene (0.5 mg); and (3) and a combination of blends 1 and 2. These blends and the single compounds were tested with 40 females. Homofarnesene (94% pure) was a gift from W. Francke (Hamburg, Germany); (Z)-3-hexenyl acetate (82.3%), ␤-caryophyllene (83%), and (E,E)-␣-farnesene (97%) were from Firmenich (Geneva, Switzerland); (E)-␤-farnesene (92%) was from Bedoukian Research (Danbury, CT), methyl salicylate (99%) was from Lancaster Synthesis (Lancashire, UK).
Statistical Analysis. The number of females responding in the wind tunnel, per test batch of 10 females, was transformed to log(x ϩ 1) and submitted to an ANOVA. The number of females landing on corn or hemp in a choice test were analyzed by a paired t-test, with a signiÞcance level of 0.05.
Results
Antennal Response of European Corn Borer Females to Host Plant Volatiles. Antennae of corn borer females O. nubilalis were used to screen headspace collections from three principal hosts, corn Z. mays, hemp C. sativa, and hop H. lupulus, and from an occasional host plant, paprika C. annuum. Eighteen compounds, listed in Table 1 , consistently elicited an antennal response. Four common plant volatiles, (Z)-3-hexenyl acetate, ␤-caryophyllene (E)-␤-farnesene, and (E,E)-␣-farnesene co-occurred in corn, hemp, and hop. Homofarnesene, which was the main compound in corn headspace, gave a strong antennal response, whereas the analogous 4,8-dimethyl-1,3(E),7-nonatriene (DMNT) did not.
Upwind Attraction of European Corn Borer Females to Corn and Hemp. European corn borer females O. nubilalis were attracted by upwind-oriented ßight to corn, hemp, and hop in the wind tunnel. Within the 15-min test period, between 14.3 and 24.3% of the test females ßew upwind toward and landed on potted corn plants. Comparison of mated and unmated, 3-and 5-d-old females showed a lower response in unmated 3-d-old females, but the difference was not signiÞcant (Table 2) . Subsequent tests were done with 3-to 5-d-old mated females.
Females were equally well attracted to single hemp plants C. sativa as to single corn plants (Table 2) . However, a choice test of one corn and one hemp plant, positioned side-by-side with respected to wind direction, showed that signiÞcantly more females landed on hemp than on corn. Attraction to cut hop plants was not signiÞcantly different from attraction to potted paprika plants, which did not elicit upwind ßights followed by landing (Table 2) .
Females walked on leaves after landing, and some of the mated females oviposited on leaves. The egg-laying response was, however, not recorded, because this would have required a longer duration of the experiments. Typically, females took several minutes before they became activated and started to ßy upwind. Most females started to lay eggs only toward the end of the 15-min experimental period.
Blends of synthetic compounds were formulated on rubber septa, according to the antennal screening of headspace collections (Table 1) . These contained the four compounds co-occurring in corn, hemp, and hop headspace, (Z)-3-hexenyl acetate, ␤-caryophyllene, (E)-␤-farnesene, and (E,E)-␣-farnesene, or the three most abundant corn compounds, methyl salicylate, homofarnesene, and (E)-␤-farnesene, or a combination of these two blends. In addition, each of these compounds were tested singly. None of these compounds or the three blends (N ϭ 40) elicited upwind orientation ßights followed by landing at the source.
Discussion
European corn borer females O. nubilalis were attracted by upwind ßight to three main host plants, corn Z. mays, hemp C. sativa, and hop H. lupulus. This conÞrms the role of plant volatiles in host Þnding in European corn borer (Lupoli et al. 1990 ). Attraction of parasitoids to volatiles from herbivore-infested corn is well established (Turlings et al. 1990 , Degen et al. 2004 2005), whereas host Þnding of corn herbivores has received less attention. The identiÞcation of the chemicals that encode European corn borer attraction to its host plants has not been achieved. Among corn herbivores, synthetic attractants have thus far only been identiÞed in the most economically important corn rootworm beetles. A 3-compound blend of ␤-caryophyllene, linalool, and methyl salicylate attracted more Western corn rootworm females than did single compounds (Hammack 2001) . Single plant volatiles did not attract European corn borer females in the wind tunnel, and Þeld tests might thus be more suitable for screening of compounds. In comparison, single plant volatile compounds, which were not active by themselves in the wind tunnel, captured males and females of codling moth Cydia pomonella and apple fruit moth Argyresthia conjugella in the Þeld (Light et al. 2001 , Coracini et al. 2004 , Knight and Light 2005 , Yang et al. 2005 .
Hundreds of volatiles have been identiÞed from corn, hemp, and hop (Buttery et al. 1978 , Buttery and Ling 1984 , Rossi and ElSohly 1996 , Eri et al. 2000 , Rothschild et al. 2005 , and these are all potential attractants for European corn borer. Seven compounds were selected for our wind tunnel tests, according to two assumptions. First, only compounds eliciting an antennal response were considered, because the volatiles eliciting upwind ßight are perceived through the antennae. This implies, however, the risk of overlooking active compounds that occur in small amounts in headspace collections, because the threshold amount for recording a signiÞcant antennal response is probably higher than the amount eliciting a behavioral response. In codling moth and grapevine moth Lobesia botrana (Lepidoptera, Tortricidae), 10 ng of synthetic plant compound is needed to produce a reliable antennal response in GC-EAD recordings. However, recent wind tunnel studies show that a release rate of a few nanograms per hour is sufÞcient to elicit upwind orientation ßights in female grapevine moths (Ansebo et al. 2004 , Tasin et al. 2006a .
Ideally, synthetic or puriÞed authentic standards of all identiÞed compounds should be screened at a standard dose, but many compounds, especially the terpenoids found in the headspace of corn, hemp, and hop are not commercially available.
The second assumption was that a comparison of the antennal reponse to three host plants should help to shortcut the behavioral screening. Attraction of other insects to different host plants has been shown to be based on co-occurrence of key chemicals (Linn et al. 2005a , Bengtsson et al. 2006 , Dekker et al. 2006 . However, the synthetic blend of the four compounds common to corn, hemp, and hop (Table 1) was not sufÞcient to attract European corn borer females. This indicates that different odour templates encode attraction to the three hosts, including additional volatiles. These additional compounds are redundant in the sense that they can be interchanged against others, but are nonetheless required for attraction.
Encoding of host recognition by a blend of core compounds and interchangeable synergists results in a response plasticity, which is suggested by the substantial variation of corn or hemp headspace, from different growth stages and varieties (Eri et al. 2000 , Degen et al. 2004 , Kö llner et al. 2004 , Rothschild et al. 2005 . Such response plasticity enables also postimaginal learning, which could be important for insects with several host plants. Response of European corn borer females to plant volatiles is nonetheless speciÞc, as evidenced by the association of pheromone races with particular host plants (Langenbruch et al. 1985 , Pelozuelo et al. 2004 . Corn borer females also distinguish grassland vegetation, where they aggregate and mate, from adjacent corn Þelds, where they oviposit (Pleasants and Bitzer 1999, Sappington 2005 ). An interesting question with respect to response speciÞcity versus plasticity is the effect of herbivore infestation on attraction of European corn borer females to corn, because the proportional release of several of the compounds eliciting antennal activity augments in d Percentages followed by different letters are signiÞcantly different at P Ͻ 0.05, according to ANOVA followed by a Tukey test (activation: F ϭ 2.926; df ϭ 6,42; P ϭ 0.018; landing on the plant: F ϭ 4.813; df ϭ 6,42; P ϭ 0.001).
e Potted corn and hemp plant (30 Ð 40 cm each), in side-by-side position. f SigniÞcantly more females landed on the hemp plant (paired t-test; t ϭ 2.610; df ϭ 8; P ϭ 0.031) response to herbivory (Gouinguené et al. 2003 , Degen et al. 2004 , Williams et al. 2005 . Another challenging issue is the importance of volatile versus nonvolatile cues for host Þnding and oviposition. Undoubtedly, long-range attraction is elicited by volatile cues only, whereas oviposition is mediated by both volatile and nonvolatile compounds (Derridj et al. 1989 , Binder and Robbins 1997 , Udayagiri and Mason 1997 , Konstantopoulou et al. 2004 ). The role of plant chemicals in host Þnding, host recognition, and oviposition in European corn borer deserves further study. The availability of a wind tunnel bioassay enables future work on volatile chemical signals mediating long-range attraction of European corn borer to its host plants.
